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ABSTRACT  
A laboratory study is presented herein that investigates the effects of submerged vertical 
and semicircular breakwaters on near-field hydrodynamics and morphodynamics.  
Breakwaters are employed worldwide in order to reduce destructive wave forces often 
imparted on vulnerable shorelines; a task partially completed by reflecting incident wave 
energy back out to sea.  However, two common side-effects of their function are the 
occurrence of scour at the breakwater, which can lead to structural problems; and 
offshore ripple formations, which are influential in scour protection failure and sediment 
transport patterns.  This study aims to determine a relationship between breakwaters and 
the wave reflection coefficient (percentage of incident wave energy that is reflected out to 
sea), resultant scour along the base of the breakwater, and consequential offshore 
morphology.  The initial phase of the investigation was a dimensional analysis study that 
yielded important parameters.  The wave reflection coefficient was determined to rely 
only on a relative submergence parameter, defined as
iH
a
, where a represents the depth 
of water above the crest of the breakwater and Hi represents the incident wave height.  
Parameterizations for the reflection coefficient were derived for each breakwater type 
(vertical and semicircular) and share the same functional dependency on the relative 
submergence parameter, yet include different constants.  Therefore, an efficiency factor 
was developed in order to compare the semi-circular breakwater reflection coefficients to 
those of a vertical breakwater.  It is important to note that as 
iH
a goes to zero, the two 
breakwater types reflect identical percentages of energy, and therefore, the efficiency 
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factor goes to unity.   Even though semi-circular breakwaters posses a clear advantage in 
terms of stability in the wave field, vertical breakwaters are more efficient at reflecting 
wave energy.  Due to tidal variations, engineers will need to determine which breakwater 
is superior for specific coastal conditions.  The next phase of the study included 
measuring onshore breakwater-induced scour.  However, prior to measuring scour 
geometry, it was determined that two scour regimes occured:  attached and detached.  
Attached scour connects directly to the onshore face of the breakwater while detached 
scour lies separate from the breakwater.  The Keulegan-Carpenter number (KC) is critical 
in regime placement and it is concluded that for KC values less than p, attached scour 
occurs; for KC values larger than p, detached scour occurs.  Dimensional analysis also 
led to the findings that onshore scour depended only on the mobility number ( ) and 
(KC).    Scour depth, Smax, was concluded to rely on  and KC and was not regime 
dependent while scour length (Ls) and the distance of Smax from the onshore breakwater 
face (Ds) relied only on KC and were regime dependent.  Another important conclusion is 
that scour characteristics were not breakwater shape dependent.  The final aspect of the 
study was to qualitatively asses the offshore bedforms, which illustrated the partial 
standing wave system created by the breakwater.  Offshore morphology, which is 
dependent on the nodal and antinodal near-bed velocities, occurred as plateaus in low 
near-bed velocity areas and ripples in high near-bed velocity areas.  The presence of the 
breakwater limited onshore ripple migration which was evident from the lack of 
accumulation on the offshore breakwater face.  Scour and ripples have caused 
breakwaters and scour protection to fail due to overturning, sliding, and undermining.  
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Therefore, knowledge of these processes is crucial in the design of efficient coastal 
systems.                     
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CHAPTER ONE 
INTRODUCTION  
1.1 Introduction  
Submerged vertical breakwaters and submerged semi-circular breakwaters are employed 
to compare results in several areas of interest:  the breakwaters’ effects on the flow-field 
including: flow separation, wave breaking, and wave reflection/transmission/energy loss; 
the breakwaters’ effects on sediment transport, including scour formation and ripple 
formation/migration; and the breakwaters’ stability due to wave forcing.  
This manuscript reviews previous research on hydrodynamic and morphodynamic 
impacts of breakwaters.  Protection of vital coastal areas is of increasing concern as 
population continues to grow along the coast.  One popular approach used in beach 
protection is the installation of breakwaters.  Since their initial use, design has diversified 
and led to advances in many aspects of breakwater system implementation.  Today, 
numerous types of breakwater systems exist including:  vertical wall, rubble mound, 
berm, emerged, submerged, groups, flexible, natural, semicircular, floating, etc.  
Regardless of type, the principle purpose of the breakwater system is to intercept the 
incident waves and cause them to break or reflect, thereby reducing wave energy (Stamos 
and Hajj, 2001).  The reduction of wave energy promotes sediment deposition shoreward 
of the structure, (Chasten et al. 1994) limiting shoreline erosion.  This section will 
attempt to review several coastal effects of breakwaters.  The three areas of interest are as 
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follows:  breakwater types and applications, flow field–structure interaction, and 
sediment–structure interaction.    
1.2  Breakwater Types and Applications 
Breakwater Types:
Breakwaters can be divided into two principle categories:  submerged and emerged.  
Submerged breakwaters lie entirely beneath the surface of the water while emerged 
breakwaters’ crest protrudes above the mean water level (MWL).  Emerged breakwaters 
are designed to offer protection on their seaward face (armor layer), by inducing runup, 
breaking, and partial reflection of incident waves.  Similarly, submerged breakwaters are 
designed to offer protection by inducing breaking and partial reflection-transmission of 
large waves (Grilli et al. 1994). The focus of this paper is submerged breakwaters; 
however, results from studies on emerged breakwaters will also be utilized.  According to 
Hur (2003), the submerged breakwater has become increasingly popular due its multiple 
functions.  The submerged breakwater usually dissipates less wave energy than an 
emerged breakwater. Submerged breakwaters, however, are often times more 
aesthetically pleasing than emerged breakwaters, which is critical to the tourism market 
of most coastal areas (Johnson 2005).  Another advantage of the submerged breakwater is 
that it maintains the landward flow of water, which may be important for water quality 
considerations (Kobayashi et al. 2007).  A common factor is breakwater design is that 
most breakwaters are constructed as “detached” structures or parallel to shoreline and at a 
certain distance offshore (Chasten et al. 1994).  Whether submerged or emerged, different 
breakwater types have their own pros and cons.  Vertical wall breakwaters (VWB) are 
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perhaps the most traditional of the breakwater type.  VWBs typically exist as a sturdy 
vertical wall, at a distance from shore which aids in the dissipation of wave energy, and 
therefore, aids in prevention of coastal erosion (see Fig. 1.1).   
Figure 1.1.  Vertical wall breakwater (Sumer and Fredsoe, 1996)  
Rubble Mound Breakwaters (RMB) are typically trapezoidal in shape, have a low crest 
elevation, and a homogeneous stone size (Chasten et al. 1994) (see Fig 1.2).       
Figure 1.2.  Elevation view of rubble mound breakwater (Sumer and Fredsoe, 2000).   
MWL 
Sand Bed   
Sand 
MWL 
Sand Bed   
Sand 
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The VWB is usually associated with higher wave reflection coefficients than the RMB.  
However, scour at the base of a VWB is usually higher than the scour at the base of a 
RMB.  Therefore, depending on the required breakwater performance, each breakwater 
type could be preferred.  
A cage floating breakwater consists of two rigidly connected pontoons with a row of 
cylinders attached and has potential applications in the protection of minor harbors and 
ports, such as fisheries and recreational harbors, where strict tranquility requirements are 
not present (Murali et al. 2005).  Floating breakwaters typically have higher transmission 
coefficients than the VWB or the RMB.  
The semicircular breakwater (SCB) was first developed in Japan in the beginning of the 
1990’s.  This type of breakwater is composed of a precast reinforced concrete structure 
built with a semicircular vault and bottom slab (Yuan and Tao, 2003).  The concrete 
structure is placed over a formed rubble mound foundation.  Some advantages of the SCB 
are as follows:  there is no in situ concrete casing work; the wave pressure on the SCB 
surface passes through the center of the circle, so no overturning moment is induced by 
the wave pressure; and the lateral wave force acting on the SCB is smaller than that on a 
VWB with the same height (Yuan and Tao, 2003).    
The berm breakwater has been successfully constructed at several locations throughout 
the world during the last 20 years.  The berm breakwater has traditionally been 
constructed with a berm that has been allowed to reshape, instead of constructing it with 
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the reshaped profile directly (Torum et al., 2003).  The advantage of berm breakwaters 
compared to traditional rubble mound breakwaters is that they require a smaller armor 
stone mass (Torum et al., 2003).   
Figure 1.3.  Berm breakwater.  “Rec” represents the recession of the berm breakwater due 
to wave forcing.  
Innovative materials are also being used in breakwater design.  “Geotubes” are coated 
fabrics often filled with silt or sand from the floor of the water body.  According to 
Miratech, the manufacturer of Geotubes, Geotube containers are geotextile encapsulated 
soils that may be used to replace rock as conventional building blocks in marine and 
hydraulic engineering structures.  Geosystems tend to be more stable hydraulically and 
geotechnically because they are heavier units with larger width to height ratios and have 
better boundary contacts with adjacent units.    
Won-Hoi Yang (2004) introduced a frame-type breakwater which allows for a free 
exchange of water from inner-sea to outer-sea.  The frame-type breakwater also allows 
for decreased construction time and a decrease in overturning possibility.  
MWL
Sand Bed   
Sand 
Rec
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Researchers in breakwater design are progressing towards groundbreaking possibilities.  
Arena and Filianoti (2007) review Boccotti’s (1998) submerged breakwater.  Boccotti 
[“Caisson for absorbing wave energy,” European Patent No. 1133602 and U.S. Patent no. 
6,450,732 B1 (1998)] disclosed a caisson breakwater that can absorb wave energy and 
convert it to electrical power.  
Breakwater Location and Sizing:
The principle concern when designing a breakwater is shoreline response.  Two principle 
shoreline patterns result from the deposition of the littoral material:  salients and 
tombolos.  Salients typically appear as a bulge in the beach planform while tombolos 
form when a salient extends from the shoreline and connects to the structure (Birben et 
al., 2005).  Breakwater parameters such as length, distance from shoreline, crest width, 
and gap between breakwaters need to be considered upon designing a breakwater.  Birben 
et al. (2007) investigated the effects of offshore breakwater parameters on sediment 
accumulation.  The study focused on emerged breakwaters and several variables of 
interest; such as length, distance from shore, and gap between breakwaters.  Since the 
breakwaters were emerged, crest width did not factor in to the study.  Assuming transport 
similarities exist between submerged and emerged breakwaters, the three parameters’ 
relationship with sediment accumulation will be applied to studies involving submerged 
breakwaters.  The authors’ variables are best defined in Fig. 1.4. 
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Figure 1.4.  Definition sketch of variables of interest (Birben et al. 2007)  
Where breakwater length (B), breakwater gap (G), distance to shoreline (X), and salient 
length (Xs) can be clearly seen.  The authors briefly reviewed previous techniques for 
controlling shoreline response.  Dally and Pope (1986) recommended the following limits 
for structure length – distance offshore ratio (B/X) based on the type of beach planform 
desired and lengths of beach to be protected (Birben et al. 2007).  For tombolo 
development, 
1.5 2.0B
X
 (single breakwater)     (1.1) 
1.5B
X
, L G B  (segmented breakwaters),   (1.2) 
where L is the wave length at the structure.  For salient formation, 
0.67 1.5B
X
  (single and segmented breakwaters).  (1.3) 
Beach 
B (breakwater) G (gap) 
X 
Xs 
Resulting Shoreline 
Original  
Shoreline 
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Harris and Herbich (1986) formulated a relationship between the amount of sand 
accumulation in the sheltered area (Qb) and the distance of the breakwater from the 
shoreline (X): 
exp 0.315 1.922bQ X
XBd B
 (Birben et. al, 2007).   (1.4) 
Seiki et al. (1987) gave the following gap erosion relationship, where gap erosion is 
defined as the retreat of the shoreline in the lee of the breakwater gap: 
0.8G
X
  (no erosion opposite gap)      (1.5) 
0.8 1.3G
X
  (possible erosion opposite gap)   (1.6) 
1.3 G
X
  (certain erosion opposite gap)    (1.7) 
The objective of an efficient breakwater design is to maximize sediment deposition in the 
breakwater’s protected zone.  Birben et al. (2007) defined a term known as sediment 
accumulation ratio (R) which is found by dividing the amount of sediment accumulation 
by the volume of breakwater protection i
t
Q
Q .  Therefore, an increasing R-value tends to 
indicate increasing breakwater efficiency.  It was determined that, for the range of 
geometric parameters tested, smaller breakwater lengths (B) led to larger R-values.  
Conversely, it was determined that larger distances to shoreline (X) led to smaller R-
values (Birben et al, 2007).  It is important to remember that sediment accumulation 
values represent only a breakwater efficiency factor and not total amount of sediment 
deposition.  That being said, breakwaters which are shorter in length and closer to 
shoreline are more efficient in causing sediment to deposit.  The breakwater gap distance 
 9
(G) did not play a major role in effecting R-values; however, the parameter is valuable in 
breakwater design.  If G-values are too low or two high, the breakwaters could cease 
acting as a system and begin acting individually (Birben et al. 2007)    
Ming et al. (2000) investigated shoreline changes associated with detached breakwaters.  
Their approach, however, focused on only distance from initial shoreline (X) and 
breakwater length (B).  At first glance, their results would seem to contradict those of 
aforementioned study.  However, instead of spotlighting sediment accumulation ratios, 
Ming et al. focused on salient size (Xs) and deposition area of the salient (A).  Data 
showed that the salient size increases as the length of breakwater increases but the salient 
size decreases as the distance from initial shoreline (X) increases.  Data also showed that 
the deposition area of the salient (A) increased with both B and X (Ming et al. 2000), 
which qualitatively reasonable.  Therefore, the results from Ming et al. and Birben et al. 
can be seen as relatively agreeable.      
Breakwater Design Codes:
The United States Army Corps of Engineers (USACE) published a guideline for the 
design of shoreline stabilization structures and breakwaters in 2004.  Chasten et al. 
(1994) specified several areas of design significance:  functional design guidance, 
structural design guidance, and environmental design guidance.    
The primary functional design parameters, some of which have been previously 
investigated in this review, are as follows:  incident wave height, incident wavelength, 
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incident wave period, and angle of wave approach, seasonal water levels, sediment 
supply, sediment size, breakwater length, breakwater gap, depth at structure, and 
structure transmission.  Wave parameters will be investigated in a later section.  Chasten 
et al. (1994) stated that detached breakwater design relies on a significant amount of 
engineering judgment and is often iterative.  An extensive review of empirical methods is 
provided in the article.    
The main structural design objectives of detached breakwaters are to ensure that the 
structure remains stable and provides acceptable performance characteristics through the 
project design life (Chasten et al. 1994).  Low-crested breakwater design involves 
resolving the required crest width, crest height, structure slope, and armor requirements 
in order to ensure structural stability within the anticipated flow field.    
While there is much information available on the structural design of breakwaters, 
Chasten et al. (1994) summarized the following:  structural stability design tactics for 
conventional breakwaters, statically stable low-crested breakwaters, and dynamically 
stable reef-type breakwaters.  The authors also investigated breakwater performance 
characteristics such as transmission, reflection, and dissipation.  Structural cross section 
design methods for determining crest height, crest width, armor gradation and structure 
slope were also summarized.   
Finally, the authors outlined environmental design considerations such as water quality, 
aquatic habitat concerns, terrestrial resources, recreation, aesthetics, and the 
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establishment of wetlands.  The full extent of the aforementioned summaries can be 
found in the article.    
Emerged and submerged (low crested) breakwater structural stability was examined by 
Burcharth et al. (2006).  The data show that the effects of crest width, wave steepness, 
and obliquity are small; whereas the influence of the free board is large.  A principle 
conclusion reached by the authors was that submerged breakwaters are much more stable 
that emerged breakwaters under the same wave conditions.  Breakwater armor stability is 
then examined and it was determined that, for protective rocks with a mass density of 
2.65 g/m3, the corresponding diameter should be approximately 20% to 30% of the 
height of the structure.     
1.3 Wave – Breakwater Interaction 
Flow Separation and Vortex Structure:
When a structure is placed in a marine environment, the presence of the structure will 
change the flow field in its immediate environment, resulting in:  contraction of flow, 
formation of horseshoe vortices in front of the structure, formation of lee-wake vortices 
behind the structure, generation of turbulence, wave diffraction and reflection, wave 
breaking, and pressure differentials in the soil that may produce liquefaction (Sumer et al. 
2001). 
Tang et al. (1998) investigated flow separation of a solitary wave passing over a 
submerged obstacle.  Both the experimental and numerical results illustrate that a large 
vortex is first formed at the rear of the block, accompanied by a secondary eddy below it, 
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as the solitary wave hits the block.  The vortex decays with time, and the secondary eddy 
continues to grow in both size and strength as the primary vortex diffuses.    
Figure 1.5.  Fluid pathline near structure (Tang et al., 1998).  
Forces on Breakwater:
Wave forcing on breakwaters can be broken into two categories (Harris):   
Drag force – the predominate wave induced force on a submerged object in 
shallow water.  Drag force is a function of the drag coefficient, CD; the density 
of sea water, ; the projected cross sectional area as seen from the direction of 
flow, Ap; and the maximum horizontal water particle velocity, U. 
Inertia force - the force imparted on the submerged object by the acceleration 
of the fluid past the object.  Inertia force is a function of the coefficient of 
inertia, CM; the volume of the submerged object; and the water particle 
acceleration, a. 
The principle parameters in total wave forces are as follows:  the shape of the breakwater; 
the height of the rubble mound breakwater (if any), hb; the designed water level, SWL; the 
incident wave height, H; the wave period, T; and the wavelength, L (Tao, 2003).    
MWL
Sand Bed   
Sand 
Vortex  
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The following relationships were established for with the aforementioned parameters 
effects on wave forcing: 
   Both the dimensionless maximum total horizontal and vertical wave forces 
increase with the increase of relative wave height H
d
; where d is the water 
depth. 
The dimensionless maximum total horizontal wave force is almost in 
proportion to the relative wave height H
d
.  The dimensionless maximum total 
vertical wave force is almost proportion to the product of the width of the 
bottom slab and the submerged depth. 
Both the maximum total horizontal and vertical wave forces increase with the 
height of the rubble mound foundation, hb. 
The maximum total horizontal wave force increases with the increasing 
wavelength, L, but the effect of the wavelength on the maximum total vertical 
wave force is not obvious (Tao 2003). 
Tao (2003) also introduced a simplified wave force equation that can be found in the 
reference.    
Sakakiyama et al. (2001) studied wave forcing on a vertical caisson breakwater and 
determined that the maximum wave pressure occured at the still water level for both the 
breaking and non-breaking wave.  In the experiment, z represented the elevation, h 
represented the water level at the breakwater (h=.28m), p represented the wave pressure, 
 represented the fluid density, and g represented gravitational acceleration. 
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Figure 1.6.  Profiles of wave pressures on the front wall of the caisson: dashed line 
represents non breaking waves while solid line represents breaking waves (Sakakiyama et 
al., 2001).  
Wave Breaking Effects:
The principle objective of breakwaters is to cause incident waves to prematurely break, 
thereby reducing the amount of wave energy dissipated on the shoreline.  Grilli et al. 
(1994) investigated and classified wave breaking characteristics for submerged and 
emerged breakwaters.  The following figure displays variable definitions.  
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Figure 1.7.  Definition sketch of variables of interest (Grilli et al. 1994).  
Different wave evolution and breaking characteristics were observed depending h1'which 
is defined as ' 11
hh
d
 :  
Case h1'<1:  Submerged breakwaters.  Three regions can be established based on the 
incident wave height (H'): 
1. No breaking with, mainly, wave transmission and reflection (TR), and crest 
exchange between incident and transmitted waves over the breakwater.      
2. Backward breaking of the wave tail onto the landward slope (BB), in the 
direction opposite to propagation of the transmitted wave, after the main crest 
has passed over the breakwater. 
3. Forward breaking (FB) of the transmitted wave, well beyond the breakwater 
crown. For a given h1', the FB may be spilling or plunging, depending on 
increasing incident wave height (H') (Grilli et al., 1994). 
Case h1'>1:  Emerged breakwaters.  Three regions can be established based on the 
incident wave height (H'): 
1. No overtopping (NO), with simple run-up on the seaward slope. 
x 
z 
b
h1 
xp 
1:2 1:2 
H 
d 
Incident  
sol. wave 
seaward landward 
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2. Overtopping (O), and sliding of the wave over the crown. 
3. Overtopping and forward collapsing (FC) of the wave over the crown (Grilli 
et al., 1994). 
The following figure graphically displays the limits between each type of wave breaking 
based upon incident wave height (H') and h1'. 
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Figure 1.8.  Measured characteristics of solitary wave height as a function of incident 
wave height (H’):  (a) Submerged breakwaters (h1’<1); and (b) Emerged breakwaters 
(h1’>1) (Grilli et al., 1994).  
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Battjes and Janssen’s (1978) theory of wave breaking is summarized by Johnson (2006).  
This theory has the following key assumptions: 
1. The distribution of wave heights in an irregular wave train follows a Rayleigh 
distribution, which is truncated at a maximum wave height, Hmax.  Waves with 
wave heights above Hmax are assumed to break.  The fraction of breaking 
waves (Qb) is determined using the following equation: 
2
max
1
ln
b rms
b
Q H
Q H
      
(1.8) 
where Hrms is the root-mean square wave height. 
2. The maximum wave height is calculated using a Miche-type breaking 
criterion: 
1 2
max
1
tanh kdH
k
(1.9) 
where 1 and 2 are adjustable parameters controlling maximum wave height, k is wave 
number, and d is the water depth.  
Wave Reflection, Transmission, Energy Loss, and Diffraction:
Depending on breakwater lee-side tranquility requirements, breakwater geometric 
variables can be determined.  Of the many flow-field considerations, wave reflection, 
wave transmission, wave diffraction, and wave energy loss are among the most 
important.  Therefore, it is necessary to establish relationships between breakwater 
size/location and resulting wave fields.    
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Whenever a wave encounters an obstacle, either emerged or submerged, part of the wave 
bounces back towards the source.  This phenomenon is known as reflection.  Normally, a 
larger reflective surface creates a larger reflected wave.  It is important to determine the 
size of the reflected wave in order to derive the reflection coefficient (Cr).  The reflection 
coefficient can be resolved from the following equation:  r
r
i
HC
H
 where Hr represents 
the reflected wave height and Hi represents the incident wave height.  
Several methods exist for experimentally determining incident and reflected wave 
parameters.  Dean and Daylrymple (1991) involves traversing one wave probe in the 
direction of the wave propagation to measure the maximum Hmax and minimum Hmin 
wave heights of the composite wave field.  The values of Hmax and Hmin correspond to 
wave heights at a quasi-antinode and node, respectively, of the corresponding wave 
system.  The incident wave height (Hi) is calculated as the average of Hmax and Hmin, 
while the reflected wave height (Hr) is calculated as half the difference between Hmax and 
Hmin (Stamos et al. 2001).    
Stamos et al. (2001) introduced a numerical method for determining incident and 
reflected wave parameters.  Wavelet analysis consists of numerically separating incident 
and reflected wave components using the Morlet wavelet.  A full example problem can 
be found in the reference article.    
 Along with reflection, a portion of the incident wave is transmitted across the breakwater 
and continues on its original path.  This phenomenon is known as transmission.  As the 
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transmitted wave height increases, more energy is allowed to be dissipated on the 
shoreline.  It is important to determine the size of the transmitted wave in order to derive 
the transmission coefficient (Ct).  The transmission coefficient can be resolved from the 
following equation:  
t
t
i
HC
H
       
(1.10)  
where Ht represents the transmitted wave height and Hi represents the incident wave 
height.  
Energy loss due to submerged breakwaters was reviewed by Stamos et al. (2001).  The 
energy loss coefficient can be resolved from the following equation: 
L
L
i
HC
H
 
(1.11) 
where HL represents the loss in wave height due to the process of energy loss and Hi 
represents the incident wave height.  
Based on energy conservation, the energy-loss coefficient (CL) can be calculated from the 
following relationship (Stamos et al. 2001): 
2 2 2 1
r t LC C C (1.12)  
where CL2 represents actual energy loss.  
Stamos et al. (2001) investigated variations of wave coefficients with kh in situations 
with rigid and flexible breakwaters. The following figure displays variable definitions.    
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Figure 1.9. Definition sketch of variables of interest (Stamos et al. 2001).  
In Figure 1.9, the variable y represents the internal pressure of the flexible breakwater.  
Note that the flexible breakwater and the rigid breakwater were of the same dimensions.  
The data (Fig. 1.10 and Fig. 1.11) indicate that the reflection coefficient increases with 
the increase in the stiffness of the breakwater. The transmission coefficient decreases 
with decreasing model stiffness and it was also determined from the study that the 
optimum model width ratio (b/L) is directly dependent on relative submergence (z/h).  
Lastly, the data show that energy loss tends to increase with a decrease in stiffness.   
x 
xp 
H 
h 
z 
y
Piezometric tube Rectangular flexible model Wavemaker 
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Figure 1.10. Variations of Wave Coefficients with kh (water depth, 22.5 cm) (Stamos et 
al. 2001). 
Figure 1.11.  Variations of Wave Coefficients with kh (water depth, 27.5) (Stamos et al. 
2001).  
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Tanaka (1976) performed wave transmission experiments involving submerged 
breakwaters with varying crest widths (B).  Incident wave height (Ho) and incident wave 
length (Lo) were investigated in order to establish a set of design curves that gives the 
transmission coefficient (Ct) as a function of relative submergence (R) (Wamsley et al. 
2002).  Results show that similar data trends are evident regardless of the model width 
ratio.  For constant relative submergence, smaller model width ratios tended to provide 
larger transmission coefficients.  It was also seen that relative submergence had a much 
more profound effect on transmission coefficients when the model width ratio was 
constant (see Fig. 1.12).      
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Figure 1.12.  Wave Transmission Design Curves – from Tanaka (1976) (Wamsley et al., 
2002).  
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A numerical method for approximating the transmission coefficient (T) using the power 
method was proposed by Johnson et al. (1951):  
1
2
0 0
0 0
2 sinh 21
2 sinh 2
k h k hT
k d k d
     
(1.13) 
where h is defined as the structure height and d as the depth of water.    
When incident waves impact on a breakwater, diffraction effects are observed in the 
sheltered region of the breakwater.  Due to the diffraction effect, the incoming wave-crest 
lines bend toward the shadow zone (Wang et al. 1993).  The complete solutions from the 
full generalized Boussinesq (GB) theory can be found in the reference.  It is found that 
after interaction with a breakwater, an initially plane solitary wave is diffracted as a 
three-dimensional cylindrical solitary wave and propagates with non-uniform amplitude 
toward the shadow region.  For waves propagating normally past a breakwater, the 
amplitude of the diffracted wave in the sheltered region is reduced by about 60% in 
comparison with the initial wave amplitude when the leading diffracted wave reaches the 
middle portion of the breakwater.  The newly evolved secondary backscattered and 
forward-scattered waves generated from the tip of the breakwater propagate outward and 
follow the leading reflected wave and diffracted wave, respectively (Wang et al. 1993).  
The effects of breakwaters on the flow field are significant.  Due to the change in flow 
field characteristics, bed shear stress and therefore, sediment transport rates are affected.  
Sediment – breakwater interaction is investigated in the following paragraphs.    
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1.4  Sediment – Breakwater Interaction 
Scour Formation:
An important facet in the study of breakwaters is the effects of the hydrodynamic changes 
on local sediment.  In some cases, the altered hydrodynamic forces remove supporting 
sediment from the base of important coastal structures; a process known as scouring.  If a 
structure experiences significant scour, the foundation integrity might be compromised 
and the structure could fail.  Coastal structures often experience scour problems due to 
the altered flow field characteristics that were mentioned in Section 3 of this review.  
Scour results from any of the following (acting singularly or in combination) (Hughes, 
2002): 
Increase of the localized orbital velocity due to reflected waves 
Flow constrictions/structural alignments that accelerate or redirect flows 
Downward directed breaking waves that mobilize sediment 
Flow separation and the creation of vortices 
Wave pressure differentials that produce sediment liquefaction. 
Scour can occur along the trunk of breakwaters (two-dimensional) or at the head, or end, 
of a breakwater (three-dimensional).  This study will focus on two-dimensional scour.    
One of the most important parameters governing sediment transport is the Shields 
parameter and is determined from the following equation: 
2
1
fmU
g s d
       
(1.14) 
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where s is the relative density of the sediment s
w
, g is the acceleration due to 
gravity, d is the sand grain size, and Ufm is the maximum value of the near-bed oscillatory 
flow velocity, defined by: 
2fm m
fU U
       
(1.15) 
where f is the friction coefficient and Um is the maximum undisturbed orbital velocity of 
water particles at the bed at the section where the structure is placed (Sumer et al. 2001).  
The reviewed investigations were conducted under live-bed conditions, specifically for 
> cr in which cr is the critical value of the Shields parameter for the initiation of 
sediment motion at the bed.  Essentially, scour occurs whenever the hydrodynamic 
bottom shear stress is greater than the sediment critical shear stress (Hughes, 2002).  Two 
types of sediment transport are common in these situations:  bed-load sediment transport 
and suspended sediment transport.  The two transport methods are discussed later in this 
chapter.  
Two dimensional scour effects at the trunk of a rubble mound breakwater were 
investigated by Sumer and Fredsoe (2000).  The breakwaters investigated in the 
experiment were emerged; however, it is believed that the results will be mirrored by data 
from submerged breakwater cases. Tests were conducted with both regular waves and 
irregular waves and it was found that the scour/deposition pattern in front of the rubble-
mound breakwater emerged in the form of alternating scour and deposition areas lying 
parallel to the breakwater, similar to the case of the vertical-wall breakwater (Sumer et al. 
2001).  Figures 1.1 and 1.2 display typical vertical wall breakwaters and rubble mound 
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breakwaters, respectively.  It was found that the maximum scour depth for the rubble 
mound breakwater was found to be smaller than that for the vertical breakwater.             
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Figure 1.13.  Bed profile at scour/deposition equilibrium.  a) Vertical-wall breakwater.  b)  
Rubble-mound breakwater.  Bed-load transport mode.  Live bed.  Regular waves (Sumer 
and Fredsoe, 2000). 
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Knowledge of the maximum scour depth is crucial in breakwater design.  Structural 
failure due to overturning and structural failure due to sliding are common failure modes 
for submerged breakwaters.  The depth at which a breakwater is installed into the seabed, 
reinforcing depth, and foundation size are breakwater design parameters whose efficiency 
relies heavily on the awareness of maximum scour depth characteristics.  
It was found that the scour formed from irregular waves was less than the scour formed 
from regular waves (Fig. 1.14).  The authors also determined that as the angle of the 
rubble mound breakwater face decreased, the maximum scour depth decreased as well.  
(Sumer and Fredsoe, 2000).   
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Figure 1.14.  Comparison of maximum scour depth at the breakwater for regular and 
irregular waves on a 1:20 slope:  Irregular waves – dashed line; regular waves – solid 
line. (Sumer and Fredsoe, 2000). 
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Sumer et al. (2001) briefly reviewed results from berm breakwater and submerged 
breakwater experiments.  It was concluded that scour depths formed at berm breakwaters 
were less than those formed at a rubble-mound breakwater.  Scour at the trunk of 
submerged breakwaters experienced deposition and smaller scour which was due to their 
significantly reduced wave reflecting characteristics.  As the structures tend towards 
emergence, reflection increases as does scour potential.  It was also noted that long-shore 
currents can greatly influence scour depth.  
Sumer and Fredsoe (2000) derived an empirical equation in order to determine maximum 
scour depth at the trunk of a rubble-mound breakwater: 
1.35
2
sinh
fS
H h
L
     
(1.16) 
which is based on Xie (1981).  In this expression, 0.3 1.77exp
15
f ; in which 
a is the breakwater slope in degrees, H is the incident wave height, h is the water depth, L 
is the wavelength, and S is the scour depth.  
Ripple Formation/Migration:
Oftentimes, failure of protective armor on submerged structures is a direct result of 
bedform propagation through the armor layer (Melville et al. 2006).  It was determined 
that the maximum settlement depth of protective armor is directly related to the depth of 
the deepest bedform that propagates through the system.  Upon armor failure, 
breakwaters are much more likely to experience critical structural failure.   
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Doucette and O'Donoghue (2006), Nielsen (1981), Faraci and Foti (2002) derived 
empirical equations predicting equilibrium ripple height and wavelength.  These 
equations could be useful in determining if breakwater armor systems are at risk for 
settlement or failure.  
Shoreline Formation Effects:
Details regarding sediment deposition due to breakwaters can be found in section 2.2.  
Sediment Transport Effects:
The mode of sediment transport is governed by the parameters and
fm
w
U
, where  and 
Ufm are defined previously and w is the particle fall velocity.  If 
fm
w
U
is greater than 
unity, the majority of the transport will take place in the bed-load process while if 
fm
w
U
is less than unity, suspended sediment transport is possible (Sumer and Fredsoe, 2000).    
Sumer et al. (2001) noted that in the vicinity of coastal structures, turbulence can be high 
and the flow field unsteady.  Rose et al. (2000) confirmed that the hydrodynamic 
influences on turbulence levels increased by a factor of 2-3 over normal steady flow 
values.    
Sumer et al. (2001) investigated the effects of turbulence on bed shear stress.  When an 
object is inserted into a flow field, the bed shear stress will increase and could reach a 
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magnitude at which sediment transport will take place in an otherwise immobile flow 
situation.  The increase in bed shear stress (t0) is due to three factors: 
streamline contraction, 
decreased flow cross-section, and 
enhanced turbulence (external turbulence introduced from the wall of the 
object). 
The authors then investigated increased turbulence effects on bed-load sediment transport 
for both smooth (no bedforms) and rough (bedforms present) cases.  The data suggest 
that reduced or enhanced shear stress fluctuations can significantly affect the magnitude 
of the averaged bed-load sediment transport rates for both the smooth and rough cases 
(Sumer et al. 2000).  Figure 1.15 demonstrates the relationship between dimensionless 
shear stress parameter 
,
rms
rms normal
 and the enhanced bed-load transport rate tQQ .  
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Figure 1.15.  Non-dimensional bed load enhancement as a function of the non-
dimensional r.m.s. shear stress; (O) and solid line represent hydraulically smooth beds, 
(x) and dot-dashed line represent hydraulically rough beds (Rose and O’Connor, 2000).  
The effect of turbulence levels on tidal suspended transport was investigated by O’ 
Connor (2000).  It was found that transport rates were enhanced by 4-25% when 
considering turbulence compared to neglecting turbulence.  Results for turbulence 
enhancement by up to an order of magnitude of normal values showed large increases in 
transport rates and large potential scour depth immediately downstream of structures 
(Sumer et al. 2001).    
Stability Effects:
Many coastal researchers focus their efforts on scour protection of structures.  
Understanding the intricacies of scour length is crucial knowledge when designing 
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armoring systems for coastal structures.  If the scour can be eliminated or shifted away 
from the structure, then the probability of structural failure due to scour is minimized.  
The stability of breakwaters is measured in terms of reduction in crest height due to wave 
attack (Chasten et al. 1994).  One of the obvious problems with scour around coastal 
structures is a possible decrease in structural stability.  Four principle structural failures 
due to coastal can be seen in Figs. 1.16-1.19.  Fig. 1.16 shows armor displacement due to 
scour caused by wave and current action.  Reduction in stabilizing toe forces cause slip 
failure which results in the sliding of the armor.       
Figure 1.16.  Scour-induced armor displacement (Chasten et al. 1994).  
Fig. 1.17 displays a failure of a sheet wall due to toe scour.  The scour at the toe of the 
sheet wall reduces the passive pressure from the soil while the active soil 
pressure/groundwater pressures cause the rotation of the sheet wall. 
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Figure 1.17.  Failure due to toe scour (Chasten et al. 1994).  
Fig. 1.18 illustrates scour in the seabed, seaward tilt, and settlement of a caisson.  It is 
noted that critical wave load situations exist when deep troughs occur at the caisson front.  
Figure 1.18.  Seaward tilting and settlement due to scour.  
Fig. 1.19 shows the seaward overturning and settlement of a gravity wall.  Scour in front 
of the wall reduces both the passive resistance and the bearing capacity of the foundation 
soil.  The resulting load from the active backfill pressure and the weight of the wall cause 
a bearing capacity failure in the soil resulting in wall settlement. 
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Figure 1.19.  Seaward overturning of gravity wall.  
Sediment liquefaction is another concern for coastal structures.  When gravity waves 
propagate in the ocean they exert cyclic pressures on the water-soil interface, where the 
pressures penetrate to the porous seabed.  When the pore pressures become excessive, 
liquefaction can take place (Tsai, 1995).  Zen and Yamazaki (1990) suggested a criterion 
of soil liquefaction under the influence of a two-dimensional progressive wave: 
'vo b mP P
      
(1.17) 
in which ' 'vo z , where ' is the submerged unit weight of the soil, z is the depth of 
submergence, bP is the wave-induced pressure at the mudline, and mP is the oscillatory 
pore-pressure.  The full numerical derivation of mP  can be found in the reference.    
Jeng et al. (2005) determined that the interaction between the incident wave and reflected 
waves from submerged breakwaters will increase the pore pressure amplitude within the 
seabed.  The experimental results indicate that the wave-induced pore pressure beneath 
the structure is greater than at the toe of the structure.  
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This review section aims to summarize recent works of several aspects of breakwater 
effects on coastal regions.  Breakwater types and applications, wave-breakwater 
interaction, and sediment-breakwater interaction are discussed.  The following chapters 
present research in this area undertaken by the Flow Physics Group (FPG) at Clemson 
University.  The emphasis of the group’s research is flow field alteration, ripple evolution 
and migration, as well as scour / accumulation around the base of vertical and 
semicircular submerged breakwaters using regular waves.                   
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CHAPTER TWO 
EXPERIMENTAL SETUP AND PROCEDURE  
2.1    Introduction 
A series of experiments are conducted to study the efficiency of two different types of 
submerged breakwaters, semicircular and vertical, in the Flow Physics Laboratory (FPL) 
at Clemson University.  This chapter is organized into four principle sections:  
Experimental Setup, Experimental Procedure, Data Processing, and Dimensionless 
Parameters and Experimental Conditions.  The Experimental Setup section contains 
information regarding the wave maker, variable definition, sediment characteristics, 
breakwaters and instrumentation whereas the Experimental Procedure section includes 
information referencing procedure for the experiments and data analysis.  The computer 
code used in period-averaging and reflection coefficient calculation is described in the 
Data Processing section while the final section encompasses experimental and 
dimensionless parameters.     
2.2 Experimental Setup 
The experiments are carried out in a wave tank (10m x 0.6m x 0.6m) that mimics the 
oceanic coastal zone (see Fig. 2.1 for a schematic of the wave tank).  The tank consists of 
a beach with adjustable sandy slope (0-1:20), a wave generator assembly, and walls 
composed of 1cm thick Plexiglas for visualization.  
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Figure 2.1.  Wave tank schematic:  (1) linear actuator and motor, (2) breakwater, (3) 
wave paddle, (4) sloping beach, (5) wave absorber, (6) moveable cart assembly with 
wave gauges and Acoustic Doppler Velocimeter (ADV).  Symbols:  a - depth of 
submergence, Lbw - breakwater length, Hbw – breakwater height, Hi - incident wave 
height, e – amplitude of wave paddle excursion, T - wave period, h – still water depth at 
the paddle.  
The offshore face of the breakwater is set as the x-axis origin with the positive x-
direction being offshore.  The bottom of the wave tank is set as the y-axis origin with the 
positive y-direction set towards the water surface.  Six spatial locations (1 to 6) are used 
in measuring wave height and water particle velocity onshore and offshore of the 
breakwater.  The velocity is measured at each location while the wave heights are 
measured at locations 2 to 6 only.    
The sediment used in the experiments is quartz sand with a median diameter (d) of 
0.067cm, a mean diameter of 0.058cm, and a density of 2.65 gcm-3.  The standard 
deviation of the size of the sand sample is 0.465 which indicates the sand is well sorted.  
The sediment was manufactured and sorted by Foster-Dixiana.  The sediment size 
distribution graphs are shown in Fig. 2.2.    
x
h 
 (1) 
 (2) 
 (3) 
(4) (5) 
e, T 
Hi 
a
Lbw
(6) 
50 
cm
50 
cm
50 
cm
50 
cm
50 
cm
100cm 
2 
Hbw
y
1  3  4  5  6 
 41
(a)
0
10
20
30
.
00
63
>
.
00
75
>d
>.
00
63
.
01
5>
d>
.
00
75
.
02
5>
d>
.
01
5
.
03
>d
>.
02
5
.
04
2>
d>
.
03
.
06
>d
>.
04
2
.
07
>d
>.
06
.
08
>d
>.
07
.
11
9>
d>
.
08
.
14
>d
>.
11
9
d (cm)
Percent by 
Weight (%) 
(b)
0
25
50
75
100
0 0.04 0.08 0.12 0.16
d (cm)
Percent finer 
by weight (g) 
Figure 2.2.  Sediment size distributions:  (a) sand size histogram; (b) cumulative sand size 
distribution. 
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The wave maker consists of a computer-controlled linear actuator coupled with a wave 
paddle.  The motor is rated at 4000 revolutions per minute (RPM) and is capable of 
operating at 10000 RPM with a maximum allowable torque of 20.3 Newton-meters (Nm) 
and is manufactured by Nook Industries.  The wave maker can achieve accelerations up 
to 6 ms-2 and velocities up to 1.5 m-s, and is capable of creating waves with maximum 
wave amplitude of 0.6 m.  The precision of the wave maker motion is 2 micrometers.  A 
computer code in LabView is written to control the wave maker.  A picture of the wave 
maker assembly is shown in Fig. 2.3.    
Figure 2.3.  Wave maker assembly.  
Two submerged semi-circular breakwaters and four submerged vertical breakwaters are 
used in this study. The vertical breakwaters are constructed of oriented strand board and 
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the semicircular breakwaters of PVC pipe.  Breakwater dimensions are presented in 
Table 2.1.    
Table 2.1.  Breakwater dimensions. 
BW Name Type Lbw (cm) Hbw (cm) Radius (cm) 
SC-1 Semicircular 28 23 15 
SC-2 Semicircular 50 30 30 
V-1 Vertical 15 23 ------- 
V-2 Vertical 8 30 ------- 
V-3 Vertical 17 30 ------- 
V-4 Vertical 30 30 ------- 
NB No Breakwater ------- ------- ------- 
The width of each breakwater is set equal to the width of the tank due to the two-
dimensional nature of the study.  Also, the breakwaters are built to allow for a height 
adjustment in order to provide a larger range of experimental parameters.  Pictures of 
each breakwater can be seen in Fig. 2.4.  The five breakwaters are installed on the tank 
bottom and therefore, each breakwater is partially buried by the beach.  Unlike the 
vertical breakwaters whose width remains constant with height, the semicircular 
breakwaters width varies with the beach slope.  Therefore, semicircular breakwater width 
is not equal to the radius but must be found using geometric relationships.    
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Figure 2.4.   Breakwaters:  (a) – SC-1; (b) – SC-2; (c) – V-1; (d) – V-2; (e) – V-3; (f) – 
V-4.  
In order to collect information regarding flow field characteristics and sediment transport, 
several experimental apparatuses are used.  The principle measurements of interest are 
flow field velocity, water surface profiles, and beach profiles.  Flow velocity 
measurements are taken using a 10 MHz acoustic Doppler velocimeter (ADV) from 
(a) (b)
(c) (d)
(f)(e)
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Sontek.  The ADV provides three-dimensional velocity components at any point in the 
flow field by using a physical principle called the Doppler effect.  Essentially, the speed 
of water particles can be found by using the speed of sound and the difference between 
the frequency at the receiver and the frequency from the source.      The ADV is capable 
of a sampling rate of 25 Hz with an accuracy of 1%.  The sampling volume lies 0.05 m 
below the probe tip.  Water surface elevation data are collected by three capacitance-type 
wave gauges manufactured by RBR Ltd. (model #WG-50).  As the wave passes through 
the wave gauge opening, voltage levels that correspond to the wave level are sent to the 
computer.  Each wave gauge is capable of sampling data at a rate of 50 Hz with an 
accuracy of 0.001m and each has a measurement range of 0.005-1 m.  Water surface 
elevation profiles from three wave gauges are acquired simultaneously using National 
Instruments data acquisition board (model # NI USB-6009) which has a sampling 
frequency of 14,000 Hz.  A Laser Displacement Sensor (LDS) from Keyence (model 
#LK-G502) is used to collect sand surface elevation data.  The LDS measures distance by 
emitting a laser beam that reflects off any solid surface within its measurement range.  
The sampling rate of the LDS is set constant at 1000 samples per second and the LDS 
possesses a measurement range of 1.0 m.  The LDS is coupled with a linear actuator that 
moves the device horizontally along the length of the tank with a velocity range of 0.002 
– 30.5 cm/s.  The actuator is 75cm in length and is able to move in increments of 
0.002cm.  Therefore, there are 30,000 available positions along the length of the actuator.  
In order to alter the number of samples per inch, the actuator velocity is varied.  A 
LabView code was written to acquire data and control the velocity, position, and 
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acceleration/deceleration of the actuator and LDS system.  The code allows for 
simultaneous control of the actuator and the LDS system.    
2.3 Experimental Procedure 
Before each experiment, several preparatory tasks are completed to ensure consistency 
and accuracy.  First, the appropriate breakwater is installed at a specific distance from the 
wave paddle and the beach is formed as either a 1:20 sloping beach or a flat beach.  Then, 
an LDS scan of the beach is conducted over a length of 400cm (from x=     -200cm to 
x=200cm) to obtain the initial beach morphology. Finally, the tank is filled with water to 
a specific depth (h=30cm-40cm) and the wave gauges’ initial voltages are recorded from 
the computer to be used as the reference to the still water level in the tank.    
Three wave gauges are employed to collect wave elevation data along the wave tank.  
Wave gauge #1 and wave gauge #2 are separated by a distance of 40cm and are mounted 
on a moveable cart assembly that allows for spatial collection of wave elevation data (see 
Fig.1).  Wave gauge #3 is stationary at a distance of 300cm offshore of the breakwater 
(x=300cm).  The wave maker software allows for the input of several variables:  
excursion, period (frequency), and time.  After inputting the desired wave characteristics, 
the experiments begin.  
Preliminary experiments reveal that changes in velocity and wave elevations due to 
changing bottom morphology are negligible.  Therefore, velocities and wave elevations 
were measured after approximately 3000 waves.  Wave elevation measurements are 
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collected at x=50cm, 100cm, 150cm, 200cm from the breakwater face for 40 wave 
periods at each location in order to spatially profile wave development and to calculate 
wave reflection.  The ADV is then used to collect 40 wave periods of velocity data 10 cm 
above the sandy bed at the same locations.  The ADV is also employed to measure 
velocity 50cm onshore of the breakwater (x=-50cm) in order to collect velocity data 
where scouring occurs.  The aforementioned measurement locations can be seen in Fig 1.  
Once the experiments are completed, the tank is drained slowly so not to disturb the 
bedform morphology.  A final LDS profile scan over the same distance is completed in 
order to gather data on morphological changes such as breakwater induced scour and 
ripple and sandbar formation.    
2.4  Data Processing 
Once the raw velocity and wave elevation data are collected, a MATLAB code is used to 
period-average the data for 40 wave periods.  Through this process, spatial evolution of 
velocity and wave elevation profiles is determined.  The LDS provides a profile of the 
beach planform and the data is then graphed using Microsoft Excel.  
The reflection coefficient (Cr) is calculated using the MATLAB code.  The method used 
to calculate Cr in this code was introduced by Goda and Suzuki (1976).    This method is 
based on simultaneous recording of wave profile data at two adjacent stations in a wave 
flume and component resolution using the Fast Fourier Transform (FFT) technique.  An 
in-depth explanation of this process can be found in Goda and Suzuki (1976).  The 
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MATLAB code is validated using an experimental setup that generates standing waves 
which are expected to produce 100% reflection (Cr =1.0).  The reflection coefficient for 
the experiment with standing waves is found to be 0.99 and therefore, the code is 
validated.     
2.5 Dimensionless Parameters and Experimental Conditions 
A detailed dimensional analysis of this problem is given by Testik and Young (2008) and 
only a brief discussion of the main dimensionless parameters governing the flow 
characteristics and morphodynamics is given below.  The following three dimensionless 
parameters are of primary importance to this study:  the Keulegan-Carpenter number 
(KC), the mobility number ( ), and the dimensionless breakwater submergence
iH
a
.  
The Keulegan-Carpenter number governs the vortex dynamics onshore of the breakwater. 
In this study, KC is defined in terms of observables, Hi and Lbw.  The variable Hi is 
defined as the wave height at the breakwater location (x=0cm) and is measured using an 
experimental setup without a breakwater installed in order to simulate field installation 
conditions.  KC is defined as follows: 
bw
i
L
HKC
      
(2.1) 
The mobility number governs the sediment transport characteristics and consequent 
morphological evolution.  The mobility number is defined as follows.  
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2
2
sinh1 khTsgd
H i
     
(2.2) 
where g = acceleration due to gravity, 
w
ss = specific gravity of the sediment, d = 
median diameter of the sediment,  
iL
k 2 = wave number.  
Experimental conditions are summarized in Table 2.2.  Other important parameters 
regarding the flow field and scour are given in chapters 3 and 4, respectively.                           
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Table 2.2.  Experimental Conditions:  NB – no breakwater installed; Hi - incident wave 
height for the experimental conditions at the location of the breakwater’s offshore face; Li 
- incident wave length for the experimental conditions at the location of the breakwater’s 
offshore face. 
Exp. # 
Breakwater 
Name 
slope 
(y:x) 
h 
(cm)
T 
(s) 
Hi 
(cm) 
Li 
(cm) KC a/Hbw
1 SC-1 1:20 25 1.33 13.95 201.80 1.57 12.96 1.22 
2 SC-2 1:20 25 1.33 13.95 201.80 0.88 12.96 1.22 
3 V-1 1:20 25 1.33 13.95 201.80 2.92 12.96 0.72 
4 V-3 1:20 25 1.33 13.95 201.80 2.58 12.96 0.72 
5 V-4 1:20 25 1.33 13.95 201.80 1.46 12.96 0.72 
6 NB 1:20 -----  1.33 13.95 201.80 ----- 12.96 ------  
7 SC-1 1:20 25 2.00 9.94 347.55 1.12 19.25 1.71 
8 SC-2 1:20 25 2.00 9.94 347.55 0.62 19.25 1.71 
9 V-1 1:20 25 2.00 9.94 347.55 2.08 19.25 1.01 
10 V-3 1:20 25 2.00 9.94 347.55 1.84 19.25 1.01 
11 V-4 1:20 25 2.00 9.94 347.55 1.04 19.25 1.01 
12 NB 1:20 -----  2.00 9.94 347.55 ----- 19.25 ------  
13 SC-1 0 25 1.33 12.95 164.46 1.45 6.74 1.31 
14 SC-2 0 25 1.33 12.95 164.46 0.81 6.74 1.31 
15 V-1 0 25 1.33 12.95 164.46 2.71 6.74 0.77 
16 V-3 0 25 1.33 12.95 164.46 2.39 6.74 0.77 
17 V-4 0 25 1.33 12.95 164.46 1.36 6.74 0.77 
18 NB 0  ----  1.33 12.95 164.46 ----  6.74  -----  
19 SC-1 0 25 2.00 13.90 265.46 1.56 12.38 1.22 
20 SC-2 0 25 2.00 13.90 265.46 0.87 12.38 1.22 
21 V-1 0 25 2.00 13.90 265.46 2.91 12.38 0.72 
22 V-3 0 25 2.00 13.90 265.46 2.57 12.38 0.72 
23 V-4 0 25 2.00 13.90 265.46 1.46 12.38 0.72 
24 NB 0   ---- 2.00 13.90 265.46   ---- 12.38 ----- 
25 SC-2 1:20 25 2.00 7.98 300.88 0.5 6.34 1.25 
26 V-3 1:20 25 2.00 7.98 300.88 1.48 6.34 1.25 
27 V-4 1:20 25 2.00 7.98 300.88 0.84 6.34 1.25 
28 NB 1:20  ----- 2.00 7.98 300.88 ----- 6.34  -----  
29 V-1 1:20 18 2.00 7.68 276.92 1.61 ------ 1.3 
30 V-1 1:20 22 2.00 7.68 275.00 1.61 ------ 1.82 
31 SC-1 1:20 18 2.00 7.68 276.92 0.86 ------ 1.3 
32 SC-1 1:20 22 2.00 7.68 275.00 0.86 ------ 1.82 
33 V-1 1:20 12 2.00 9.33 275.86 1.95 ------ 0.43 
34 V-1 1:20 13 2.00 9.13 275.89 1.91 ------ 0.55 
35 V-1 1:20 14 2.00 9.92 276.13 2.08 ------ 0.6 
36 V-1 1:20 16 2.00 8.58 275.86 1.8 ------ 0.93 
37 V-3 1:20 15 2.00 6.14 258.62 1.14 ------ 0 
38 V-3 1:20 16 2.00 6.54 258.06 1.21 ------ 0.15 
39 V-3 1:20 17 2.00 6.47 257.58 1.2 ------ 0.31 
40 V-3 1:20 18 2.00 6.33 257.14 1.17 ------ 0.47 
41 V-3 1:20 25 2.20 8.38 335.71 1.55 ------ 1.19 
42 V-3 1:20 25 2.50 7.25 371.25 1.34 ------ 1.38 
43 V-3 1:20 25 3.00 5.63 429.58 1.04 ------ 1.78 
44 V-3 1:20 25 3.50 5.70 463.40 1.05 ------ 1.75 
45 SC-2 1:20 15 2.00 6.14 -------- 0.39 ------- 0 
46 SC-2 1:20 16 2.00 6.54 -------- 0.41 ------- 0.15 
47 SC-2 1:20 17 2.00 6.47 -------- 0.41 ------- 0.31 
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48 SC-2 1:20 18 2.00 6.33 -------- 0.4 ------- 0.47 
49 SC-2 1:20 19 2.00 9.06 -------- 0.57 ------- 0.44 
50 SC-2 1:20 21 2.00 9.03 -------- 0.57 ------- 0.66 
51 SC-2 1:20 23 2.00 8.78 -------- 0.55 ------- 0.91 
52 V-3 1:20 25 1.33 13.75 209.35 2.54 13.75 0.73 
53 V-3 1:20 25 1.45 17.29 244.64 3.2 26.23 0.58 
54 V-3 1:20 25 1.50 18.88 260.23 3.49 33.59 0.53 
55 V-3 1:20 25 1.80 16.25 317.04 3 26.66 0.62 
56 V-3 1:20 25 1.90 18.07 337.44 3.34 33.84 0.55 
57 V-3 1:20 25 1.90 19.81 386.22 3.66 54.19 0.5 
58 V-3 1:20 25 1.70 20.42 -------- 3.78 41.99 0.49 
59 V-3 1:20 25 1.95 19.99 -------- 3.7 50.71 0.5 
60 V-3 1:20 25 1.98 22.12 -------- 4.09 54.67 0.45 
61 V-2 1:20 25 1.80 16.25 -------- 6.38 26.66 0.62 
62 V-2 1:20 25 1.70 20.42 -------- 8.02 41.99 0.49 
63 V-2 1:20 25 1.98 22.12 -------- 8.69 58.52 0.45 
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CHAPTER THREE 
FLOW FIELD AROUND SUBMERGED BREAKWATERS  
3.1  Introduction 
A principal area of interest in this study is the effect of a breakwater on the flow field.  
This chapter is arranged into three primary sections:  wave heights, particle velocities, 
and wave reflection coefficients (Cr).  Each section introduces flow field characteristics, 
first in the absences of a breakwater, and then compares the flow field characteristics 
after a breakwater is introduced to the flow field.   
3.2 Water Surface Elevations 
When waves propagate toward the shore, the water depth steadily decreases causing the 
wavelength to decrease and, through the conservation of energy, the wave height 
increases.  Since the wave period is fixed, the wave speed decreases as well.  This 
process is known as shoaling.    
Figure 3.1 presents data from two experimental runs under the same conditions (e=6cm, 
T=1.33s, 1:20 slope) one of which includes a breakwater and another that does not.  
Figure 3.1a shows the evolution of wave elevations during the shoaling process when no 
breakwater is present.  As the wave moves onshore, it shoals and thereby its wave height 
steadily increases until the wave breaks at x = -150cm.  Figure 3.1b illustrates the spatial 
wave elevations during an experiment with breakwater V-4 installed on the sloping bed.  
The wave elevations do not follow the same shoaling trend as seen in Fig 3.1a.  At 
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distances of x=100cm and x=200cm the wave heights are much larger than those at 
distances of x=50cm and x=150cm.  This phenomenon is a direct result of the 
breakwater-induced reflection in the flow field which creates a standing wave envelope.               
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Figure 3.1.  Spatial wave elevations, :  (a) no breakwater installed (Cr=0.06), (b) V-4 
breakwater installed (Cr = 0.32, Cr will be defined in Section 3.4).  ( ) x=50cm, (¦ ) 
x=100cm, ( ) x=150cm, ( ) x=200cm.   
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The envelope of the partial standing wave induced by the breakwater in Experiment #5 
(h=25cm, T=1.33s, e=6cm, slope=1:20) is shown in Fig. 3.2.  In this figure, maximum 
and minimum wave elevations measured spatially at 20 cm intervals from x=10cm to 
x=250cm are given.  In a partial standing wave field, nodes (locations where the 
difference between the maximum and minimum wave heights is the smallest) and 
antinodes (locations where the difference between the maximum and minimum wave 
heights is the greatest) alternate spatially at x-locations at increments of 
4
iL
.  
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Figure. 3.2.  Partial standing wave envelope for experiment #5.  Li=201.8cm  
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This is seen in Fig. 3.2:  nodes - 
iL
x
= 0.25, 0.75, 1.25; antinodes - 
iL
x
= 0.5, 1.0.  
Similarly, in Fig. 3.1, where Li=201.8cm, antinodes occur at approximately x=100cm and 
200cm, and nodes occur approximately at x=50cm and 150cm.  Since the reflection from 
a submerged breakwater is never 100%, the spatial wave profile will always be that of a 
partial standing wave system.  In a partial standing wave system, the envelope height at 
the antinodes is ri CH 1 where Hi is the incident wave height and Cr is the reflection 
coefficient.  At the nodal points, the envelope height is ri CH 1 (Sorensen, 2006).  The 
partial standing wave trend is not only visible in wave heights, but also in particle 
velocities and sediment transport.  
3.3 Water Particle Velocity 
As previously mentioned, wave shoaling is caused by a steady decrease in water depth.  
Along with an increase in wave height and a reduction in wave length, shoaling causes 
wave celerity to change as well. Wave celerity, C, is related to wavelength, Li, and 
period, T, as follows: 
T
LC i
       
(3.1) 
Since the wavelength decreases during shoaling and the period remains constant, the 
wave crest celerity will decrease proportionally.  Conversely, the shoaling process causes 
water particle velocity to increase.  Eventually, the water particle velocity will surpass 
that of the wave crest and breaking will occur.  Fig. 3.3 presents the horizontal water 
particle velocity profiles at different locations along the slope from two experimental runs 
under the same conditions (experiment #5 - h=25cm, T=1.33s, e=6cm, slope=1:20). 
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Figure 3.3a displays horizontal particle velocity data from an experiment without a 
breakwater installed while Figure 3.3b exhibits information from an experiment with 
breakwater V-4 installed on the sandy bed.  Figure 3.4 exhibits vertical velocites from the 
same experiments under the same conditions as Fig. 3.3.                   
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Figure 3.3. Horizontal particle velocities, u:  (a) no breakwater installed, (b) breakwater 
V-4 installed.  ( ) x=50cm, (¦ ) x=100cm, ( ) x=150cm, ( ) x=200cm.   
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Figure 3.4.  Vertical particle velocities, v:  (a) no breakwater installed, (b) breakwater V-
4 installed.  ( ) x=50cm, (¦ ) x=100cm, ( ) x=150cm, ( ) x=200cm.   
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It is seen in Fig. 3.3 that the effect of breakwater V-4 causes significant disturbances in 
the spatial horizontal velocity profile.  The maximum horizontal velocities occur at 
distances of x=50cm and x=150cm (nodes) while the minimum velocities occur at 
distances of x=100cm and x=200cm (antinodes).    
The differences between the vertical velocity profiles for a no breakwater case and a V-4 
breakwater case are evident in Fig. 3.4.  Unlike the horizontal velocity field, the 
maximum vertical velocities occur at distances of x=100cm and x=200cm (antinodes) 
while the minimum vertical velocities occur at distances of x=50cm and x=150cm 
(nodes).  
The horizontal and vertical velocity envelopes of the partial standing wave field are 
studied.  Near-bed velocity data is collected spatially (x=10cm to x=250cm) at 20cm 
intervals and the partial standing wave velocity envelopes are shown in Fig. 3.5.  Figure 
3.5 spatially displays the partial standing wave velocity and wave height envelopes in one 
graph.  
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Figure. 3.5. Horizontal (u, solid line) and vertical (v, dashed line) velocity envelope for 
the partial standing wave field for experiments 1-5.   
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Figure 3.6.  Partial standing wave envelope for experiments 1-5.  Near-bed horizontal 
particle velocity, u (solid), vertical velocity, v (dashed) and wave elevation,  (faded).   
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Though similar to the spatial wave height profile in that the maximums and minimums 
spatially alternate at distances of
4
Li
x , the maximum velocities occur at points where 
there is minimum wave height and visa-versa.  The maximum wave heights in a partial 
standing wave field are a resultant of the incident wave height plus the partial reflected 
wave height.  The reflected energy moves offshore and sums at these points causing 
larger wave heights.  However, the reflected energy also reduces the net horizontal 
particle velocity at these points.  Higher reflection leads to a more significant reduction in 
horizontal particle velocity at these locations.  Vertical particle velocities are the largest 
at these points because as the antinodal horizontal velocities negate each other, energy is 
resolved into vertical components (causing larger wave heights).  Due to the smaller near-
bed velocity at the antinodes, antinodal sediment transport and bedform evolution are 
nearly negligible; a fact which will be studied further in Chapter 4.      
3.4 Wave Reflection 
As previously mentioned, when breakwaters are installed, a portion of the incident 
wave’s energy is reflected back towards the source of the wave (e.g., out to sea, or back 
towards the paddle).  To indicate the amount of wave energy that is reflected back toward 
the source, the reflection coefficient, Cr, is investigated.  Cr is defined as follows: 
i
r
r H
HC
       
(3.2) 
where Hr represents the reflected wave height and Hi indicates incident wave height.  
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After reflection, the wave possesses less energy to be imparted on the beach.  
Theoretically, a lower energetic wave should allow a beach to maintain its integrity for a 
longer period of time.    
After investigating the reflection coefficients, it is concluded that the only dimensionless 
parameter that governs the wave reflection is
iH
a
, the ratio of the submergence depth to 
the incident wave height.  It is also concluded that wave reflection induced by vertical 
and semicircular breakwaters share the same functional dependency with 
iH
a (see Fig. 
3.7a for vertical breakwaters and Fig. 3.7b for semicircular breakwaters)     
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Fig. 3.7.  The relationship between 
iH
a 
and Cr for (a) vertical breakwaters and (b) 
semi-circular breakwaters.  Solid lines – estimate by Eqn. 3.3 for (a) and estimate by Eqn. 
3.4 for (b); ( ) – measured for (a), ( )– measured for (b). 
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Measured reflection coefficients for both vertical and semicircular breakwaters have 
exponential dependencies on 
iH
a
with different constant coefficients as follows: 
iH
a
verticalr eC
25.1
5.0      (3.3) 
iH
a
arsemicirculr eC
0.2
5.0      (3.4) 
It should be noted that measured reflection coefficients are corrected by taking into 
account the background wave reflection in the wavetank.  Background wave reflections 
are present even on a plain beach with no breakwaters due to boundaries such as tank 
walls and wave paddle.  In the oceanic coastal zone, typical reflection coefficients for 
similar beach profiles are around 0.02.  On the other hand, the FPG wave tank 
consistently produces reflection coefficients around 0.06.    Therefore, the background 
reflection coefficient is subtracted from the measured reflection coefficient in each 
experiment for each breakwater.  The corrected reflection coefficient provides an 
accurate account of reflection solely due to the breakwater.  The reflection coefficients 
for each experiment can be seen in Table 3.1.    
From Fig. 3.7 it can be seen that as 
iH
a decreases (fixed Hi, varying a), Cr increases.  As 
iH
a
approaches zero, Cr becomes 0.5.  This can be explained as follows:  for 
iH
a
=0 (a=0 
for fixed Hi), the crest of the breakwater will be even with the still water level; therefore, 
the wave trough will be reflected and only the crest of the wave will pass beyond the 
breakwater towards the beach.  Using Linear Wave Theory, one would expect a Cr value 
 66
of 0.5 for this asymptotic case.  For the other asymptotic case
iH
a
, approaches infinity 
and Cr approaches zero.  In order for 
iH
a 
to approach infinity, either a approaches 
infinity (finite breakwater height at infinite water depth) while Hi remains finite or Hi 
approaches zero (absence of waves) while a remains finite.   
Since wave reflection by vertical and semicircular breakwaters possessed the same 
functional form in terms of 
iH
a 
with different coefficients, an efficiency factor (EF) is 
defined to relate the two for the same flow conditions and is as follows:  
iH
a
verticalr
arsemicirculr e
C
CEF
75.0     
(3.5)   
where Cr-semicircular and Cr-vertical are the reflection coefficients for semicircular and vertical 
breakwaters of the same height, respectively.  The efficiency factor is not constant but 
depends on the  
iH
a 
value.  The efficiency factor, estimated by Eqn. 3.5 and measured 
experimentally using semicircular and vertical breakwaters under the same experimental 
conditions, is shown in Figure 3.8. 
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Figure 3.8.  The relationship between 
iH
a 
and efficiency factor (EF) for breakwaters.  
Solid line – estimates by Eqn. 3.5, symbols – measurements.   
It can be seen in Figure 3.7 that as the breakwater’s crest approaches the still water 
surface, the reflection coefficient approaches 0.5 for both the vertical breakwaters and the 
semicircular breakwaters.  Therefore, the efficiency factor at small breakwater 
submergence depths goes to unity.  This means that at shallow depths, breakwater shape 
plays an insignificant role in reflection.  However, as depth begins to increase, the 
difference between wave reflection by vertical and semicircular breakwater increases.  
Fig. 3.9 displays the vertical breakwater (Cr-vertical.) and semicircular breakwater (Cr-
semicircular) reflection coefficients on the same graph for comparison.    
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Figure 3.9.  Reflection coefficients for (¦ ) vertical breakwaters and ( ) semi-circular 
breakwaters.   
Experimental conditions and results of the flow field experiments are presented in Table 
3.1.             
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Table 3.1.  Experimental conditions and results:  Crtotal - total reflection coefficient from 
tank, beach, and breakwater; Crbg - background reflection coefficient from tank and 
beach; Crbw - breakwater induced reflection coefficient.  
Exp. 
No. 
BW Hi 
(cm) 
Li 
(cm) 
T 
(s) a/Hi Crtotal Crbg Crbw 
1 SC-1 13.95 201.80 1.33 1.22 0.11 0.07 0.04 
2 SC-2 13.95 201.80 1.33 1.22 0.17 0.07 0.10 
3 V-1 13.95 201.80 1.33 0.72 0.18 0.07 0.11 
4 V-3 13.95 201.80 1.33 0.72 0.32 0.07 0.25 
5 V-4 13.95 201.80 1.33 0.72 0.32 0.07 0.25 
6 SC-1 9.94 347.55 2.00 1.71 0.08 0.07 0.01 
7 SC-2 9.94 347.55 2.00 1.71 0.14 0.07 0.07 
8 V-1 9.94 347.55 2.00 1.01 0.12 0.07 0.05 
9 V-3 9.94 347.55 2.00 1.01 0.30 0.07 0.23 
10 V-4 9.94 347.55 2.00 1.01 0.31 0.07 0.24 
11 SC-1 12.95 164.46 1.33 1.31 0.09 0.05 0.04 
12 SC-2 12.95 164.46 1.33 1.31 0.13 0.05 0.08 
13 V-1 12.95 164.46 1.33 0.77 0.14 0.05 0.09 
14 V-3 12.95 164.46 1.33 0.77 0.31 0.05 0.26 
15 V-4 12.95 164.46 1.33 0.77 0.31 0.05 0.26 
16 SC-1 13.90 265.46 2.00 1.22 0.07 0.06 0.01 
17 SC-2 13.90 265.46 2.00 1.22 0.14 0.06 0.08 
18 V-1 13.90 265.46 2.00 0.72 0.13 0.06 0.07 
19 V-3 13.90 265.46 2.00 0.72 0.22 0.06 0.16 
20 V-4 13.90 265.46 2.00 0.72 0.22 0.06 0.16 
21 SC-2 7.98 300.88 2.00 1.25 0.09 0.07 0.02 
22 V-3 7.98 300.88 2.00 1.25 0.19 0.07 0.12 
23 V-4 7.98 300.88 2.00 1.25 0.20 0.07 0.13 
24 V-3 11.18 195.40 1.50 0.89 0.27 0.06 0.21 
25 V-1 7.68 276.92 2.00 1.30 0.15 0.08 0.07 
26 V-1 7.68 275.00 2.00 1.82 0.11 0.06 0.05 
27 SC-1 7.68 276.92 2.00 1.30 0.10 0.08 0.02 
28 SC-1 7.68 275.00 2.00 1.82 0.07 0.06 0.01 
29 V-1 9.33 275.86 2.00 0.43 0.31 0.06 0.25 
30 V-1 9.13 275.89 2.00 0.55 0.28 0.08 0.20 
31 V-1 9.92 276.13 2.00 0.60 0.26 0.08 0.18 
32 V-1 8.58 275.86 2.00 0.93 0.23 0.07 0.16 
33 V-3 6.14 258.62 2.00 0.00 0.57 0.07 0.50 
34 V-3 6.54 258.06 2.00 0.15 0.45 0.05 0.40 
35 V-3 6.47 257.58 2.00 0.31 0.38 0.06 0.32 
36 V-3 6.33 257.14 2.00 0.47 0.34 0.06 0.28 
37 V-3 8.38 335.71 2.20 1.19 0.20 0.06 0.14 
38 V-3 7.25 371.25 2.50 1.38 0.14 0.05 0.09 
39 V-3 5.63 429.58 3.00 1.78 0.12 0.05 0.07 
40 V-3 5.70 463.40 3.50 1.75 0.11 0.05 0.06 
41 SC-2 6.14 -------- 2.00 0.00 0.55 0.06 0.49 
42 SC-2 6.54 -------- 2.00 0.15 0.42 0.05 0.37 
43 SC-2 6.47 -------- 2.00 0.31 0.34 0.06 0.28 
44 SC-2 6.33 -------- 2.00 0.47 0.29 0.07 0.22 
45 SC-2 9.06 -------- 2.00 0.44 0.25 0.07 0.18 
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46 SC-2 9.03 -------- 2.00 0.66 0.24 0.06 0.18 
47 SC-2 8.78 -------- 2.00 0.91 0.20 0.06 0.14 
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CHAPTER FOUR 
BREAKWATER-INDUCED SCOUR AND BEDFORM MORPHOLOGY  
4.1 Introduction 
This chapter discusses equilibrium scour characteristics and changes in bedform 
morphology induced by submerged vertical and semicircular breakwaters. The section 
regarding scour centers on onshore breakwater-induced scour and its three principal 
equilibrium characteristics:  scour length (Ls), scour depth (Smax), and the distance of Smax 
location from the onshore breakwater face (Ds).  The section regarding bedform 
morphology centers on breakwater-induced offshore sand ripples, bulges, and plateaus.  
4.2 Breakwater-induced Scour 
This study focuses on the scour forming onshore of the breakwater.  Scour formation 
offshore of the submerged breakwaters is observed to be insignificant.  Two different 
onshore scour patterns with different characteristics are identified in the experiments; 
namely, attached scour and detached scour (see Fig. 4.1).  
Onshore scour is classified as attached scour when the scour hole is connected to the 
onshore face of the breakwater while detached scour occurs when the scour hole is not 
connected to the breakwater.  For both scour patterns, the important parameters are scour 
length (Ls), scour depth (Smax), and the distance of Smax location from the onshore 
breakwater face (Ds).  Fig. 4.1 defines the variables for the different scour regimes. 
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Figure 4.1.  Definition sketch for scour patterns and parameters:  (a) attached scour, (b) 
detached scour  
At the conclusion of each experiment (after 3000 waves), an LDS scan of the sandy bed 
is completed in order to analyze the scour development.        
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Fig. 4.2.  Initial (dashed line) and final (solid line) beach profiles:  (a) attached scour 
(Exp #4, KC=2.58, Hi=13.95cm, T=1.33sec, 1:20 slope); (b) detached scour (Exp #55, 
KC=3.70, Hi=19.99cm, T=1.95sec, 1:20 slope).  
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The principal factor that determines the occurrence of attached scour or detached scour is 
concluded to be the Keulegan-Carpenter number (KC), which was previously discussed 
in Chapter 2.  The following condition is proposed to control the scour type:   
attached scour:  
bw
i
L
HKC
      (4.1)  
detached scour:  
bw
i
L
HKC     (4.2) 
Therefore, attached scour occurs when the incident wave height at the breakwater is less 
than the length of the breakwater.  In this condition, the turbulent jet formed by the 
breaking wave impacts on the crest of the breakwater, thereby affecting sediment at the 
onshore face of the breakwater.  Conversely, the vortex formed by a wave whose height 
is larger than the breakwater will scour sediment that lies farther away from the onshore 
face of the breakwater.  As this vortex moves onshore, it will not only push sediment 
onshore but will also create a “shadow zone” near the breakwater.  A characteristic of the 
shadow zone is accumulation due to breaker-induced vortices that often push scoured 
sediment offshore, towards the breakwater.  Pictures of the different scour regimes can be 
seen in Fig. 4.3.        
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Figure 4.3.  Onshore scour regimes:  (a) – attached; (b) – detached.  
Due to the differences in the flow field between the attached scour and detached scour 
regimes, different parameterizations are expected to give the scour characteristics.  
However, it is observed that while the maximum scour depth (Smax) does not depend on 
the scour regime, scour length (Ls) and the distance of Smax location from the onshore 
breakwater face (Ds) do depend on the scour type.  Parameterizations for Smax, Ls, and Ds 
are developed for both attached and detached scour regime as follows:  
Maximum Scour Depth, Smax:
The maximum scour depth is defined as the maximum difference between the initial sand 
level (t=0min) and the final sand level (after ~3000 waves) onshore of the breakwater.  
Dimensional analysis led to the following dimensionless variables as possible influences 
for Smax:  Shields parameter ( ), the mobility number ( ), the Keulegan-Carpenter 
number (KC), Reynolds number (Re), and the reflection coefficient (Cr).  After much 
(a) 
(b) 
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analysis, the maximum scour depth is concluded to be a function primarily of the 
Keulegan-Carpenter number and the mobility number only.  The maximum scour depth 
increases linearly with an increase in the independent variable.  As KC increases for 
constant breakwater length, incident wave height increases and the breaking waves 
impart a larger force on the localized onshore sediment, causing deeper scour.  The 
solution for Smax is given by Eqn. (4.3).   
bwL
Smax
=
0.50.0125 KC
      
(4.3) 
The maximum scour depth data from all of the experiments are presented in Fig. 4.3.  
Since the scour regime does not factor into maximum scour depth, the estimate by Eqn. 
(4.3) (solid line) fits well to the Smax observations for both attached and detached scour 
regimes.   
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Figure 4.4.  Relationship between 0.5KC and
bwL
Smax
.  Solid line – estimate by Eqn. 4.3; 
symbols – measured values.  
Scour Length, Ls:
As previously mentioned, the parameterizations for Ls vary based on the scour regime.  In 
the attached scour case, the length of scour is non-dimensionalized by the breakwater 
length and is found to be directly proportional to KC, which agrees with a similar 
conclusion found by Voropayev et. al (2003).  However, the parameterization derived by 
Voropayev et. al (2003) found Ls to be approximately 1/3 as large as Ls derived by the 
FPG.  The reason for this difference discussed in the conclusions.      
It can be visualized that for a wave whose height is less than the length of the breakwater, 
the wave breaking-induced turbulent jet displaces a portion of its energy on the crest of 
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the breakwater.  Therefore, a breaking vortex cannot fully form.  The remaining energy is 
dissipated on the sediment near the onshore face of the breakwater causing attached 
scour.  The scour length is limited not only by the onshore breakwater face but also by 
the smaller vortex size and intensity.  Detached scour length is different in that the scour 
hole is not “attached” to the onshore breakwater face.   Also, the incident wave height is 
larger than the length of the breakwater and therefore, at breaking, less energy is 
dissipated on the crest of the breakwater and a vortex is formed.  The rotation of the 
vortex moves sediment offshore while the vortex propagation pushes sediment onshore, 
causing a larger length of scour.  The transition zone between attached and detached 
scour consists of a quick jump between each regime.  Few data points were collected 
close to the transition zone (i.e. Hi=Lbw) and therefore, this area is not well developed.  Ls 
was found to depend solely on KC and as given in Eqn. 4.4 and Eqn. 4.5. 
attached scour:  KC
L
L
bw
s
     
(4.4) 
detached scour:  
2
KC
L
L
bw
s (4.5) 
The maximum scour length data from all of the experiments are presented in Fig. 4.5.  
Since the scour regime factors into maximum scour length, Eqn. 4.4 is used to estimate 
Ls when KC<p while Eqn. 4.5 is used to estimate Ls when KC p (solid lines).  
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Figure 4.5. KCvs
L
L
bw
s
. for attached (solid) and detached (open) scour.  Solid line where 
KC – estimated by Eqn. 4.4; solid line where KC - estimated by Eqn. 4.5; 
dashed line – x=p; symbols – measurements  
The Distance of Smax Location to the Onshore Breakwater Face, Ds:
Even though the maximum scour depth is not dependent on the scour regime, the distance 
of Smax location from the onshore breakwater face (Ds) is based on the scour type.  For 
attached scour, Ds is non-dimensionalized through the use of the breakwater length and, 
similarly to the length of scour, is found to be directly proportional to KC.  As KC 
increases for a breakwater of constant length, Hi increases as well.  Incident wave heights 
that are larger than the breakwater length will allow the breaker-induced turbulent jet to 
impact only onshore sediment, and not the breakwater crest.  Ds for detached scour is also 
non-dimensionalized using the breakwater length.  Ds was found to depend solely on KC 
and as given in Eqn. 4.6 and Eqn. 4.7.   
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attached scour:  KC
L
D
bw
s 1
     
(4.6) 
detached scour:  KC
L
D
bw
s (4.7) 
The distance of Smax location from the onshore breakwater face data from the experiments 
are presented in Fig. 4.6.  Since the scour regime does factor into maximum scour length, 
Eqn. 4.6 is used to estimate Ds when KC<p while Eqn. 4.7 is used to estimate Ls when 
KC p (solid lines). 
0
2
4
6
8
10
0 2 4 6 8 10KC
D s
/L
bw
 
Fig. 4.6. KCvs
L
D
bw
s
. for attached (solid) and detached scour (open):  Solid line where 
KC – estimated by Eqn. 4.6; Solid line where KC - estimated by Eqn. 4.7; 
dashed line – x=p; symbols – measurements.   
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4.3 Breakwater-induced Offshore Geomorphology 
Onshore breakwater-induced scour is not the only morphological change of significance.  
Breakwaters also cause changes in offshore sediment patterns that occur in the form of 
ripples, bulges, and plateaus.  These bedforms can cause significant problems in the 
oceanic coastal zone; sediment ripples have been observed to bury undersea munitions 
(i.e. mines) and cause scour protection measures to fail.  They also have influence on 
pollution dispersion, sediment transport, and drift currents in the coastal zone.  The 
offshore bedform characteristics depend on several factors including the reflection 
coefficient, slope, and flow field.  
Bulges:
When the experimental mobility number is not large enough to form ripples, yet is above 
the critical value needed to initiate sediment motion, smooth sediment bulges form in the 
beach profile.  Bulges can also form in cases where the mobility number is large enough 
for ripple formation.  In these cases, the reflection coefficient plays a role in the bedform 
type.  Smaller reflection coefficients result in smooth bulges while larger reflection 
coefficients create bulges covered in ripples of varying size.  Throughout this study, flat 
beaches (slope=0) produce the most distinct sediment bulges. Fig. 4.7 presents post-
experimental beach profiles from two experiments using two different breakwaters.  All 
of the following experiments references can be found in Table 4.1 at the end of this 
section.        
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Figure 4.7.  Post-experimental beach profile:  (a) - experiments #11; (b) – experiment 
#14. 
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The beach profile shown in Fig. 4.7a consists of smooth bulges because the reflection 
coefficient and, therefore, the experimental mobility number are too low to initiate ripple 
formation.  However, due to the larger horizontal velocities at the nodes, sediment is 
accumulated in the form of bulges, while smaller antinodal horizontal velocities create 
sediment troughs.  Fig. 4.7b displays a beach profile from an experiment involving a 
breakwater whose larger reflection coefficient increases the mobility number and thereby, 
allows ripple covered bulges to form. Both regimes create bulges whose troughs fall at 
the antinodes ( 0.1,5.0
ii L
x
L
x ) and whose crests occur at the nodal points 
( 25.1,75.0,25.0
iii L
x
L
x
L
x ).   
Plateaus:
Plateaus can be recognized as areas of relatively no distinct bedforms.  As previously 
mentioned in Chapter 3, the partial standing wave field creates an envelope of velocities 
and wave heights.  Within this envelope, maximum horizontal velocities and minimum 
wave heights occur at the nodes ( 25.1,75.0,25.0
iii L
x
L
x
L
x ) while the minimum 
horizontal velocities and maximum wave heights occur at the antinodes 
( 0.1,5.0
ii L
x
L
x ).  The partial standing wave velocity envelope is one of the most 
critical components to breakwater-induced sediment transport (see Fig. 3.5).  Since nodal 
and antinodal points alternate as locations for maximum and minimum horizontal 
velocities, respectively, the sediment pattern beneath these points should indicate 
horizontal velocity magnitude.  Beneath nodal points, the sediment should be affected by 
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the higher velocities and ripples or other morphological features will form.  Conversely, 
at antinodal points, lower velocities will cause the bed to either remain flat or change less 
than the bed beneath nodal points.  Figures 4.8 displays beach profile data collected from 
experiment #1-5.  
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Figure 4.8.  Post-experimental beach profile:  (a) – experiment #1; (b) – experiment #2; 
(c) – experiment #3; (d) – experiment #4; (e) – experiment #5   
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Morphological similarities between each of the experiments can be seen in Fig. 4.8.  
Regardless of the breakwater type, sediment plateaus occur consistently at distances of 
5.0
iL
x 
and 0.1
iL
x 
meaning at these points, the net horizontal velocities are much 
smaller than the velocities at points where bedforms are present.  As previously 
mentioned, the plateaus in the beach profile correspond to antinodal positions in the 
partial standing wave field, or locations where the reflected velocities and incident 
velocities sum and lower the net onshore velocity.      
Ripples:
Sand ripples are recognized by their short length, small height, and grouping in sets 
containing several ripples. Sand ripples are a result of the oscillatory velocities provided 
by waves in the coastal zone.  One of the keys to inducing ripple formation is ensuring 
the flow field mobility number is larger than the critical mobility number needed for 
ripple formation.  As the mobility number increases, bedforms become more distinct and 
first can be seen in the form of bulges.  As the mobility number continues to increase, 
bedforms are seen as ripples.  Fig. 4.9 shows two beach profiles from two different 
experiments; one in which no breakwater is installed on the sloping beach and another in 
which breakwater V-4 is installed. 
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Figure 4.9.  Post-experimental beach profile:  (a) – experiment #28,  = 6.34; (b) – 
experiment #12,  =  19.25. 
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It is seen in Fig. 4.9 that as the mobility number increases, the morphology evolves from 
insignificant formations to distinct ripples.  The ripples form due to the oscillatory motion 
of the wave velocity field and normally migrate onshore until they are washed out by the 
breaking waves as can be seen in Fig. 4.9.  However, in the presence of a breakwater, 
onshore ripple migration is negated; the breakwater serves as limiter for onshore ripple 
migration (Fig. 4.10).    
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Figure 4.10.  Post-experimental beach profile:  experiment #11.  
Not only does the presence of a breakwater limit onshore ripple migration, which is 
concluded from the absence of accumulation at the offshore breakwater face, but the 
breakwater also causes ripples to form in deeper water.  The reflection coefficient induces 
higher horizontal particle velocities and higher mobility numbers and therefore, the 
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effects of propagating waves are felt in deeper water.  When comparing Fig. 4.9b and 
Fig. 4.10, it is apparent that the presence of a breakwater shifts the farthest offshore 
ripples from x=0cm to x=80cm.  On a 1:20 slope, the water depth increases 4cm over this 
distance.     
Ripple geometrical characteristics, height ( ), length (µ), and angle ( ), rely on two 
principal factors:  reflection coefficient and mobility number.  Water depth and wave 
height are implicitly included in the aforementioned factors.  For example, as water depth 
increases with constant wave height, the mobility number at the bed will decrease, 
resulting in smaller ripples.  Yet, higher reflection coefficients increase near-bed mobility 
numbers and therefore, form larger ripples.  The ripple data in Fig. 4.11 displays several 
important trends.  As previously stated, the presence of a breakwater will cause ripples to 
form in deeper water which can be seen in the figure.  It is also seen that water depth and 
ripple height are inversely proportional; a relationship shared with water depth and ripple 
length.  Yet, the breakwater-induced reflection coefficient compensates for the deeper 
water by increasing the mobility number.  Therefore, it is predicted that breakwater-
induced ripples are larger than their counterparts when at the same x-location.    
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Figure 4.11.  Post-experimental ripple characteristics.  (a) - height ( ):  ( ) - experiment 
#11; (¦ ) - experiment #12; (b) – length (µ):  ( ) - experiment #11; (¦) - experiment #12    
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As the reflection coefficient advances to unity, the onshore velocities and offshore 
velocities will approach equality (i.e. perfect standing wave).  This will cause sediment to 
move onshore and offshore identically with no migration, creating symmetric ripples ( 1= 
2). Fig. 4.12 defines onshore and offshore ripple angles.  
Figure 4.12.  Onshore ( 1) and offshore ( 2) ripple angles on a sloping beach (ß) (Testik 
et. al (2006).  
The reflection coefficient in the experiment shown in Fig. 4.10 is far from a value of one 
(Cr=0.3), however, when compared to the ripples in Fig. 4.9b (Cr=0.06), the ripples in 
Fig. 4.10 are more symmetric.  Ripple angle convergence is shown in Fig. 4.13.         
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Fig.4.13. Onshore (solid) and offshore (open) ripple angles ( ):  circles – breakwater V-1 
(Cr=0.13); squares – breakwater V-3 (Cr=0.31).  
Breakwater #3 produced a reflection coefficient of 0.13 while breakwater #2 produced a 
reflection coefficient of 0.31.  As the reflection increases, the offshore and onshore 
velocities and mobility numbers approach similarity which leads to onshore and offshore 
ripple angle convergence.    
Important parameters regarding scour and bedform morphology are given in Table 4.1.      
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Table 4.1.  Experimental conditions and results.   
Exp. 
# 
Breakwater 
Name 
slope 
(y:x) 
Lbw 
(cm)
Hi 
(cm) KC 
Ls 
(cm) 
Ds 
(cm) 
Smax 
(cm) 
Scour 
Type 
1 SC-1 1:20 28 13.95 1.57 13 55.65 9.20 3.89 attached 
2 SC-2 1:20 50 13.95 0.88 13 48.76 18.23 4.00 attached 
3 V-1 1:20 15 13.95 2.92 13 48.50 14.33 2.80 attached 
4 V-3 1:20 17 13.95 2.58 13 39.48 13.20 1.71 attached 
5 V-4 1:20 30 13.95 1.46 13 51.42 33.08 2.40 attached 
7 SC-1 1:20 28 9.94 1.12 19.3 48.77 10.07 2.80 attached 
8 SC-2 1:20 50 9.94 0.62 19.3 56.74 15.00 2.20 attached 
9 V-1 1:20 15 9.94 2.08 19.3 35.71 11.16 3.30 attached 
10 V-3 1:20 17 9.94 1.84 19.3 46.64 14.00 1.91 attached 
11 V-4 1:20 30 9.94 1.04 19.3 38.87 14.16 0.75 attached 
13 SC-1 0 28 12.95 1.45 6.74 24.85 8.21 1.80 attached 
14 SC-2 0 50 12.95 0.81 6.74 45.09 20.10 2.70 attached 
15 V-1 0 15 12.95 2.71 6.74 57.24 15.00 2.80 attached 
16 V-3 0 17 12.95 2.39 6.74 37.75 12.84 1.54 attached 
17 V-4 0 30 12.95 1.36 6.74 70.79 37.44 1.55 Attached 
19 SC-1 0 28 13.90 1.56 12.4 58.83 18.25 1.60 Attached 
20 SC-2 0 50 13.90 0.87 12.4 0.00 0.00 0.00 Attached 
21 V-1 0 15 13.90 2.91 12.4 45.21 10.81 1.60 Attached 
22 V-3 0 17 13.90 2.57 12.4 41.69 11.19 1.40 Attached 
23 V-4 0 30 13.90 1.46 12.4 33.56 10.82 1.02 Attached 
25 SC-2 1:20 50 7.98 0.5 6.34 25.33 1.66 1.56 Attached 
26 V-3 1:20 17 7.98 1.48 6.34 44.53 11.45 1.04 Attached 
27 V-4 1:20 30 7.98 0.84 6.34 34.06 11.51 1.85 Attached 
53 V-3 1:20 17 17.3 3.2 26.2 24.00 29.00 4.20 Detached
54 V-3 1:20 17 18.9 3.49 33.6 26.00 40.00 2.80 Detached
55 V-3 1:20 17 17.1 3.16 26.7 32.00 48.00 3.83 Detached
56 V-3 1:20 17 18.1 3.34 33.8 32.00 62.00 3.52 Detached
57 V-3 1:20 17 19.8 3.66 54.2 32.00 63.00 4.50 Detached
58 V-3 1:20 17 20.4 3.78 42 30.00 50.00 4.02 Detached
59 V-3 1:20 17 20 3.7 50.7 42.00 64.00 5.54 Detached
60 V-3 1:20 17 22.1 4.09 54.7 36.00 67.00 5.12 Detached
61 V-2 1:20 8 16.3 6.38 26.7 28.00 55.00 3.02 Detached
62 V-2 1:20 8 20.4 8.02 42 32.00 53.00 4.55 Detached
63 V-2 1:20 8 22.1 8.69 58.5 24.00 47.00 2.28 Detached
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CHAPTER FIVE 
CONCLUSIONS  
This study is undertaken in order to provide fundamental analysis of the effects of coastal 
submerged breakwaters on flow field and sediment transport.  Numerous experiments are 
completed in a two-dimensional wave tank in the Flow Physics Laboratory at Clemson 
University.  Waves are generated using a state of the art wave maker while various 
equipment is used to collect data regarding wave heights, near-bed particle velocities, and 
scour/ripple formations.  The goals of the research are to provide accurate 
parameterizations estimating the reflection coefficient and geometrical characteristics of 
the onshore scour induced by the breakwater, and qualitatively discuss ripple, plateau, 
and bulge sediment formations offshore of the breakwater.  
An in-depth understanding of reflection coefficients is crucial in designing breakwaters 
because they are an indication of the amount of energy imparted on the shoreline.  As 
more energy is reflected out to sea, less energy is imparted on the beach which allows the 
coastline to sustain for a longer period of time.  According to the United States Army 
Corps of Engineers’ (USACE) “shore protection projects” design manual, one of the 
major concerns for shore protection is wave damage.  High energy waves do not only 
impair the aesthetics of tourist-strewn beaches but storm-type waves can also damage 
sensitive ecosystems such as reefs, wetlands, and nesting areas.  The experiments 
centered on the reflection coefficient led to the conclusion that the ratio of depth of 
submergence to incident wave height 
iH
a is the most important dimensionless flow 
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field parameter.  Parameterizations for the reflection coefficients (Cr) for submerged 
breakwaters of vertical and semi-circular shape are developed (Eqn. 3.3 and Eqn. 3.4).  It 
is determined that the reflection coefficient parameterizations share the same functional 
dependency on 
iH
a yet different constants are used in each one.  An efficiency factor 
(EF) was also derived to compare the reflection coefficients of differently shaped 
breakwaters (see Eqn. 3.5).  
The two breakwater types are investigated in order to determine the advantages and 
disadvantages of each system.  As far as stability is concerned, a semi-circular 
breakwater contacts the sea floor over an area twice that of a vertical breakwater, which 
leads to a higher resistance to sliding and overturning failure.  Several depths of 
submergence are compared which simulate tidal changes in the field or variance in 
different design scenarios.  As the depth of submergence (a) increases, vertical 
breakwaters produce higher reflection coefficients than their semicircular counterparts.  
To give a comparison, reflection coefficients for each breakwater type are presented in 
Table 5.1.  Therefore, each shape possesses performance advantages in different coastal 
environments.      
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Table 5.1.  Percent difference between reflection coefficients for semicircular and vertical 
breakwaters at varying depths of submergence (a).  Breakwater V-4 and SC-2 compared. 
a/Hi Cr-v Cr-sc % diff 
0 0.5 0.5 0.00 
0.1 0.44 0.41 6.82 
0.2 0.38 0.33 13.16 
0.3 0.34 0.27 20.59 
0.4 0.3 0.22 26.67 
0.5 0.27 0.18 33.33 
1 0.14 0.07 50.00 
1.5 0.08 0.02 75.00 
 
If the sediment were immobile, breakwater stability might be analyzed using wave and 
current forcing on the breakwater.  However, most coastal zone sediment mobilizes in the 
flow field and moves in either bed-load transport mode or suspended transport mode 
which may cause net loss of breakwater supporting sand.   This study focused on bed-
load sediment transport and its effects on the seabed topography near the breakwater.  A 
common cause for breakwater failure is scour, or the removal of sediment by 
hydrodynamic forces.  Breakwater-induced onshore scour is studied and it is found that 
the scour can be divided into either attached or detached scour regimes depending on the 
Keulegan-Carpenter number (KC).  Attached scour occurs when the scour hole is 
attached to the onshore breakwater face and scour length is limited by the breakwater.  In 
contrast, the scour does not connect to the breakwater in detached scour.  Mathematically, 
attached scour occurs when KC, or
bw
i
L
H
, is less than p while detached scour occurs when 
KC is greater than or equal to p (see Eqn. 4.1 and Eqn. 4.2).  Therefore, attached scour 
occurs when the height of the incident wave (Hi) is less than the length of the breakwater 
(Lbw).  Equally, when Hi becomes larger than Lbw, the scour becomes detached.  This 
knowledge will be helpful to coastal engineers as they try and predict onshore 
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breakwater-induced scour in the field.  Attached scour might be preferred if the engineer 
wants to install scour protection systems at the breakwater face, thereby, reducing the 
amount of armor needed, which reduces cost.  If they desire attached scour, the 
breakwater length must be larger than the incident wave height in a storm condition.  
Conversely, if the engineer prefers the onshore scour to develop separate from the 
breakwater, which would remove a failure threat from the breakwater’s vicinity, then he 
will design the breakwater length to be less than the incident wave height.        
Three principle onshore scour variables are studied and are as follows:  depth of scour 
(Smax), length of scour (Ls), and distance of Smax location from the onshore breakwater 
face (Ds).  The three scour geometrical characteristics are integral in analyzing a 
breakwater project for potential failure.  An important conclusion of the study is that the 
breakwater shape plays no role in determining the maximum scour characteristics.  An 
engineer needs to consider scour armoring length, foundation depth/width, and other 
structural factors in breakwater design and the forthcoming solutions provide reliable 
assistance in this area.  It is observed that the Smax parameterization does not vary 
between scour regimes and is a function of KC and  (Eqn. 4.3).  Ls varies between scour 
regimes and can be estimated using Eqn. 4.4 and Eqn. 4.5.  As previously mentioned, the 
Ls parameterization derived in this study proves to be nearly three times larger than the Ls 
solution found by Voropayev et. al (2003).  The basis of this difference is that the study 
by Voropayev et. al (2003) focused on scour in the shoaling zone, where oscillatory 
motion is well defined, thereby, limiting scour length.  The study by the FPG focused on 
scour in the surf zone where oscillatory motion is weaker and breaker-induced vortices 
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are able to propagate further onshore.  The Ds parameterization is observed to also rely 
on scour type and therefore two regime-based equations are derived (Eqn. 4.6, Eqn. 4.7).  
The ratio 
S
S
L
D for attached scour is calculated to be equal to
1
.  As a result, the location 
of the maximum scour depth will fall approximately at a distance equal to one-third of 
the length of scour for the attached scour case.  For the detached scour regime, it is 
possible for Ds to be larger than Ls. and the 
s
s
L
D 
ratio is calculated to be a constant value 
of 2.    
The final area of interest is breakwater-induced offshore morphology and the principle 
conclusions relating to ripple, bulge, and plateau formation.   It is found that a breakwater 
serves as the onshore boundary for ripples, bulges and plateaus.  Small sandbars 
sometimes form onshore of the breakwater however, they fall beyond the scope of this 
project.  As with any reflecting structure, a partial standing wave field is formed and this 
phenomenon can be visualized in the resulting sediment patterns.  Within this envelope, 
maximum horizontal velocities and minimum wave heights occur at the nodes 
( 25.1,75.0,25.0
iii L
x
L
x
L
x ) while the minimum horizontal velocities and maximum 
wave heights occur at the antinodes ( 0.1,5.0
ii L
x
L
x ).  Ripples form beneath the nodal 
points due to the higher mobility numbers while plateaus form under antinodal points 
because the mobility numbers are lower.  When the experimental mobility number is less 
than the critical mobility number needed to form ripples, yet is larger than the critical 
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mobility number needed to initiate sediment motion, sediment bulges and troughs are 
formed.  The bulges fall under nodal points and troughs form under antinodal points.  
It is determined that ripple characteristics rely mainly on the reflection coefficient and the 
mobility number.  As water depth increases, the wave’s effects on the seabed decrease, 
causing ripples of smaller height and length to form.  However, reflection aids in ripple 
formation.  As reflection increases, the mobility number does likewise, thereby forming 
larger ripples.  Also, onshore and offshore ripple angles are found to converge as the 
reflection coefficient increases.  As the reflection coefficient approaches unity, a standing 
wave field forms, resulting in symmetric ripples.    
When introducing a structure to a coastal environment, it is important to not only 
consider shoreline effects, but also localized sediment alterations.  Scour poses the most 
serious threat to breakwater failure and engineers must take protective measures upon 
installation.  While offshore ripples and bulges pose a lesser direct threat to breakwater 
stability, the migration of ripples has caused scour protection measures to fail by burial.  
If scour protection is rendered obsolete, the breakwater becomes more susceptible to 
scour-induced failure (Chasten et. al 1994).    
Maximum scour depth alone is not enough to predict breakwater failure due to 
overturning or sliding.  The distance of the maximum scour depth from the breakwater 
face allows engineers to determine the amount of supporting sand that might remain at 
the breakwater after dynamic equilibrium is reached on the seafloor.  The closer the 
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maximum scour depth is to the breakwater, the more likely the breakwater will be unable 
to resist the overturning moment and sliding force imparted on it by the waves.    
The importance of breakwaters cannot be overstated due to not only the financial gains 
they provide means for beach renourishment, but also as environmental support systems 
that aid vulnerable coastlines in times of need.  Submerged breakwaters serve these 
purposes while remaining hidden beneath the water surface and maintaining attractive 
aesthetics.  This study aims to investigate several principal factors:  breakwater-flow field 
alteration and breakwater-induced scour and geomorphology.  Solutions for the wave 
reflection and onshore scour characteristics are presented in hopes of assisting engineers 
in their admirable yet difficult job of protecting coastlines.                
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